We report a novel CW tunable high-power single-longitudinal-mode fiber laser with a linewidth of ∼9 MHz. A tunable fiber Bragg grating provided wavelength selection over a 10 nm range. An all-fiber Fabry-Perot filter was used to increase the longitudinal mode spacing of the laser cavity. An unpumped polarization-maintaining erbium-doped fiber was used inside the cavity to eliminate mode hopping and increase stability. A maximum output power of 300 mW was produced while maintaining single-longitudinalmode operation.
Introduction
Fiber lasers are established as robust and reliable devices with a variety of applications in industry and medicine due to their unique characteristics, such as all-fiber designs, compact size, cost-effective production and operation, and the no need for realignment or external cooling. High-power single-wavelength and multiwavelength infrared fiber lasers are very attractive for applications in optical communications, sensing, spectroscopy, biomedical instrumentation, and nonlinear optics. The continued progress in fiber pumping techniques, advanced fiber designs, and fabrication processes, as well as the availability of high-power pump diodes, has assisted in the development of high-power fiber lasers [1] [2] [3] [4] [5] . Fiber lasers have found applications in temperature and strain sensors [6] [7] [8] [9] [10] [11] , medical diagnostics [12] [13] [14] , and industrial processing [15] . High-power fiber lasers using erbium-ytterbium codoped fibers as the gain medium, which operates in the eye-safe (1.5 μm to 1.6 μm) spectral range, can now compete with traditional solid-state bulk lasers. The applications of recently reported singlewavelength [16, 17] and multiwavelength [18, 19] highpower fiber lasers were limited due to large linewidth of the lasing wavelength, multi-longitudinal-mode oscillations, small tuning range, and complex designs.
In this paper we present a novel tunable, high-power, single-wavelength, single-longitudinal-mode, fiber ring laser.
Experimental Setup
The experimental setup of the fiber laser is shown in Figure 1 . The resonant cavity consists of a high-power polarizationindependent optical isolator (OI), which guaranteed the unidirectional propagation and thus eliminated the spatial hole-burning effects [20] ; an all-fiber polarization controller; a commercially available tunable fiber Bragg grating (TFBG) with a tuning range of 10 nm (1565 nm-1575 nm); a 4 m long double-clad erbium-ytterbium codoped (DC-EYDF) fiber with core/cladding diameters of 10/131 μm which was used as the gain medium. In general to produce high output power from a ring laser, a longer length of the active medium is required which leads to a smaller longitudinal-mode spacing and a narrower laser linewidth. A double-clad erbiumytterbium codoped fiber (DC-EYDF), with high conversion efficiency, as an active medium eliminated the requirement for a long length of the active medium. The DC-EYDF (CorActive) had much greater absorption and coupling efficiency compared to that of a circularly symmetric doubleclad fiber due to its hexagonal inner cladding [21] . An unpumped polarization-maintaining erbium-doped fiber (PM-EDF) was used as a saturable absorber (SA) inside the cavity to reduce the mode hopping of the lasing wavelength. The SA had an elliptical core with dimensions, peak absorption, cutoff wavelength, and a numerical aperture of 3.8 × 14.8 μm, 10.8 dB/m at 1535 nm, 1371 nm, and 0.15, respectively. To 
Figure 2: All-fiber Fabry-Perot filter [22] .
increase the effective longitudinal-mode spacing and stability of the laser wavelength, an all-fiber Fabry-Perot filter with wide free spectral range (FSR) was used within the cavity. The Fabry-Perot filter was formed by splicing two 2 × 2 single-mode fused fiber couplers (split ratio 99 : 1) together (Figure 2 ), which helped to eliminate the mode hopping of the laser wavelength by increasing the effective longitudinalmode spacing of the laser cavity [22] . In general the length of the ring cavity is longer than the FP filter cavity; thus, the presence of the filter inside the cavity produces the vernier effect and increases the longitudinal-mode spacing of the cavity [23] [24] [25] . In our experiment the length of the Fabry-Perot filter was ∼0.4 m, which corresponds to a free spectral range of FSR FP ≈ 514 MHz. A multimode laser diode at 976 nm with a maximum output power of 10 W was used to pump the laser cavity. A multimode fused fiber coupler (6 × 1 multimode pump power combiner) was used as a 976/1550 nm wavelength division multiplexing coupler to couple power from the pump laser into the DC-EYDF fiber. The fiber Bragg grating, saturable absorber, Fabry-Perot filter, and the ring together formed an overlapping cavity configuration, where the output of the ring resonator was modulated by the output of the Fabry-Perot cavity. The output of the laser was obtained from the 90% port of a 90 : 10 fused fiber coupler. A polarizationindependent optical isolator was used to reduce any back reflection from the output port. The output of the laser was monitored using an optical spectrum analyzer with a resolution of 1.25 GHz, a scanning Fabry-Perot spectrum analyzer (SFPSA) of resolution 6.7 MHz and a power meter. Figure 3 shows the tunable characteristics of the laser for an input pump power of ∼700 mW at a wavelength of 976 nm. The laser was tunable from 1565 nm to 1575 nm, which was limited by the tunability of the grating, and the minimum tunable interval was 0.01 nm. The nonuniform output power over the wavelength range is due to the erbium-ytterbium codoped fiber emission, which decreases in this region. Figure 4 (a) shows the output of the laser obtained by the OSA without any saturable absorber inside the cavity, and Figure 4 (b) is the input-output characteristics of the laser. The maximum power obtained from the laser was ∼600 mW for a pump power of ∼1300 mW at λ = 1565.52 nm. The threshold pump power and efficiency of the laser were ∼200 mW and ∼49%, respectively. The effective length of our ring cavity and the length of the FP filter were ∼9 m and ∼0.4 m, respectively. The corresponding FSR of the ring cavity was ∼24 MHz and of the Fabry-Perot filter was ∼514 MHz. The theoretical resonance linewidth (FWHM) of the FP filter was 2 MHz. The presence of this filter resulted in an effective longitudinal-mode spacing of 514 MHz for the laser cavity.
Results and Discussions
To study the longitudinal-mode structure of the laser, a scanning Fabry-Perot spectrum analyzer (FSR = 2 GHz) of resolution 6.7 MHz and NuView software developed by EXFO was used. The maximum output power with singlelongitudinal-mode oscillation was less than 50 mW with a 4 m DC-EYDF. The experiment was repeated using 1 m of DC-EYDF fiber to reduce the effective cavity length to 6 m, which corresponds to longitudinal-mode spacing of 34 MHz. This allowed us to maintain a lasing wavelength that was single-longitudinal-mode and free from mode hopping to a maximum output of 100 mW. Figure 5 was obtained using the scanning Fabry-Perot spectrum analyzer (SFPSA) and confirmed the single-longitudinal-mode oscillation of the laser. At high output powers, the laser suffered from mode hopping and oscillations of multiple longitudinal modes.
In order to improve the stability of the laser output at high power, we incorporated an unpumped polarization maintaining erbium-doped fiber as a saturable absorber into the cavity. A series of experiments were carried out using 1 m, 3 m, and 5 m of PM-EDF to find the optimum length of the SA, which would increase the stability of the lasing wavelength, by reducing mode hopping, and without International Journal of Optics largely attenuating the laser output power. We found that the 5 m PM-EDF provided the stability needed while still allowing a high output power. Figure 6 shows the inputoutput characteristics of the laser with a SA inside the cavity. The polarization controller and polarization-maintaining EDF helped to produce and maintain quasilinearly polarized light inside the saturable absorber and thus increased the stability of the transient grating. The maximum output power achieved while maintaining single-longitudinal-mode operations was more than 300 mW with the SA.
The counter-propagating light waves inside the saturable absorber formed a transient grating with a reflection bandwidth of 20 MHz. The transient grating acted as a tracking filter, where the central frequency tracked the lasing mode and thus eliminated mode hopping. The transient grating was capable of adjusting itself, within a few milliseconds, to any sudden changes in the laser cavity, such as changes in temperature or other environmental fluctuations [26] . The effective cavity length of the laser was ∼19 m, which corresponds to a longitudinal-mode spacing of ∼10 MHz. Though the longer cavity length decreased the longitudinalmode spacing of the cavity, the presence of the FabryPerot filter increased the longitudinal-mode spacing to 514 MHz. Figure 7 shows the input-output characteristics of the laser with and without the SA, which shows the effect of SA on the output of the laser. The laser was oscillating in single-longitudinal-mode when more than 300 mW of output power was produced.
The 3-dB linewidth of the laser at lower power (∼100 mW) was ∼8.75 MHz as measured by the SFPSA and NuView software. The linewidth of the laser at high pump power was larger when compared to the theoretical value based on the Schawlow-Townes formula [27] . We found that the linewidth of the laser increased with increasing pump power. It was reported that the wider linewidth in the erbium-ytterbium-co-doped fiber laser is due to the temperature fluctuations induced by the pump intensity noise inside the core of the fiber or due to four-wave mixing between various longitudinal modes in the laser cavities [28] [29] [30] [31] .
We found that it was possible to maintain the relative phases of the modes by adjusting the polarization controller plates inside the cavity when the laser was oscillating in multiple longitudinal modes. This phenomenon is referred to as passive mode locking and produced periodic pulses at the output of the laser. Figure 8 shows the output of the laser at high power obtained from the scanning Fabry-Perot spectrum analyzer, after achieving mode locking through adjustments of the polarization controller plates inside the cavity. At the optimum location of the polarization controller plates all the modes collapsed into a single pulse with a large bandwidth (∼60 MHz). This result was due to the presence of the saturable absorber inside the cavity and is known as passive mode locking. We also found that even without the presence of the saturable absorber the laser produces pulses at high powers when the polarization controller plates were adjusted properly. This is another type of passive mode locking known as nonlinear polarization rotation mode locking. Figure 9 is the output of the laser when operated at high power and was obtained with a high-speed photo detector (2.5 GHz) and an oscilloscope with a 1 GHz bandwidth. Thus, we could operate the laser in either CW or pulsed mode by adjusting the polarization controller plates inside the cavity. 
Conclusion
We have demonstrated a high-power single-wavelength, single-longitudinal-mode fiber laser. The laser was free from mode hopping to a maximum output power of ∼300 mW. The laser was tunable over 1565 nm to 1575 nm and had a linewidth of ∼9 MHz. The presence of SA inside the cavity increased the stability of the laser. The laser could be operated in the CW and pulsed mode through manipulation of the polarization controller. Due to the narrow linewidth and high output power, this laser could find applications in developing sensor based on nonlinear effects such as stimulated Brillouin scattering.
